Summary The fate of nitrogen (N) in senescing fine roots has broad implications for whole-plant N economies and ecosystem N cycling. Studies to date have generally shown negligible changes in fine root N per unit root mass during senescence. However, unmeasured loss of mobile non-N constituents during senescence could lead to underestimates of fine root N loss. For N fertilized and unfertilized potted seedlings of Populus tremuloides Michx., Acer rubrum L., Acer saccharum Marsh. and Betula alleghaniensis Britton, we predicted that the fine roots would lose mass and N during senescence. We estimated mass loss as the product of changes in root mass per length and root length between live and recently dead fine roots. Changes in root N were compared among treatments on uncorrected mass, length (which is independent of changes in mass per length), calcium (Ca) and corrected mass bases and by evaluating the relationships of dead root N as a function of live root N, species and fertilization treatments. Across species, from live to dead roots, mass decreased 28-40%, N uncorrected for mass loss increased 10-35%, N per length decreased 5-16%, N per Ca declined 14-48% and N corrected for mass declined 12-28%. Given the magnitude of senescence-related root mass loss and uncertainties about Ca dynamics in senescing roots, N loss corrected for mass loss is likely the most reliable estimate of N loss. We re-evaluated the published estimates of N changes during root senescence based on our values of mass loss and found an average of 28% lower N in dead roots than in fine roots. Despite uncertainty about the contributions of resorption, leaching and microbial immobilization to the net loss of N during root senescence, live root N was a strong and proportional predictor of dead root N across species and fertilization treatments, suggesting that live root N alone could be used to predict the contributions of senescing fine roots to whole-plant N economies and N cycling.
Introduction
Nitrogen (N) dynamics in senescing leaves and fine roots have important implications for higher-order N dynamics ranging from whole-plant economies to ecosystem cycling (Raich and Nadelhoffer 1989 , Aerts 1996 , Killingbeck 1996 , Chen et al. 2002 , Ruess et al. 2003 , Silla and Escudero 2004 , Kobe et al. 2005 , Newman and Hart 2006 . The fate of N in senescing tissues can be considered to comprise two pools, that lost from the plant and that resorbed. The proportions of these pools bear on whole-plant N economies and may help determine dead tissue N concentrations, which in turn impact ecosystem N cycles (Raich and Nadelhoffer 1989 , Aerts et al. 1999 , Chen et al. 2002 , Ruess et al. 2003 , Bertiller et al. 2005 , Huang et al. 2007 .
Much more is known about senescence-related N dynamics in leaves than in roots. Estimates based on changes in N concentrations during senescence indicate that leaves on average resorb about 60% of N and lose the other 40% (Aerts 1996 , Killingbeck 1996 , Silla and Escudero 2004 , Kobe et al. 2005 , Newman and Hart 2006 . Fine roots (here defined as < 2 mm in diameter) may function similarly to leaves, but the extent of N resorption and loss from fine roots of perennial plants remains unresolved (Gordon and Jackson 2000) . This is because of the combination of technical difficulties, including artifacts that potentially bias the estimates of changes in root N during senescence, and an inability to distinguish resorption from other processes affecting N (e.g., leaching and N immobilization).
Conventionally, changes in root N have been estimated as differences in mass-based root N concentrations between live and dead tissues (Nambiar 1987 , Aerts 1990 , Gordon and Jackson 2000 , and the general lack of differences on this basis have been widely interpreted as evidence that fine roots do not resorb N (e.g., Nambiar 1987 , Aerts 1990 , Gordon and Jackson 2000 , Johnson et al. 2004 , Finzi et al. 2007 ). However, this method implicitly assumes that non-N constituents of root mass remain static during senescence. van Heerwaarden et al. (2003) demonstrated that neglecting mass loss in senescing leaves leads to underestimates of N resorption by as much as 20%. Similar to leaves, fine roots contain mobile compounds (e.g., 2-20% nonstructural carbohydrates; Pregitzer et al. 2000) that if resorbed or lost would lead to underestimates of N loss from senescing roots.
The change in root mass during senescence cannot be measured directly, but can be estimated as the product of changes in mass per root length and root length. This value could then be used to correct root N changes by mass changes. Alternatively, root calcium (Ca) could provide a stable basis for estimating N changes as it is unlikely to decrease during senescence because it is phloem-immobile (McLaughlin and Wimmer 1999) and, at least for leaves, is not resorbed during senescence (van Heerwaarden et al. 2003) ; however, Ca may accumulate throughout the fine root lifespan as it does for leaves (Burton et al. 1993 , Duchesne et al. 2001 .
To increase the understanding of N dynamics in senescing roots, we compared N concentrations in live and recently dead roots based on four bases: (1) per unit mass uncorrected by changes in root mass; (2) per unit root length; (3) per unit Ca and (4) per unit root mass corrected by changes in root mass. We did not attempt to resolve uncertainty about the fate of N during senescence: i.e., resorption versus leaching versus microbial immobilization. Instead, our goal is to critically examine the method on which conclusions about N resorption have been based.
Our second goal was to evaluate the relative contributions of live root N, fertilizer treatments and species to variation in dead root N. For leaves, regardless of species or nutrient environment, live N concentration is the primary determinant of senesced leaf N concentration (Kobe et al. 2005) , but no similar analysis exists for roots.
To address our goals our specific questions were: (1) How are fine root mass and N altered during senescence and how do changes in mass (Dmass) affect estimation of changes in N (DN)? (2) Are these changes consistent among species and fertilizer treatments? (3) How does dead root N vary with species, N supply and live root N content? To answer these questions, we quantified and analyzed changes in mass per root length, root length and four different expressions of root N between live and dead fine roots for 3-yearold potted seedlings of four broad-leaved tree species in fertilized (N + Ca) and unfertilized treatments. 
Materials and methods

Plant material, growing conditions and experimental design
Root measurements
In late September 2003, three to five seedlings were selected at random from each hoop-house · species · fertilizer combination (total: 65 seedlings) to obtain samples of both live and recently dead (see the following criteria) fine roots. Before root sampling, soil was carefully removed from the root system of a single seedling using deionized water. Both live and dead roots were sampled from each individual according to the following criteria.
(1) All live and dead roots that were sampled were lateral roots < 2.0 mm in diameter that were physically attached to the whole-root system. (2) Live roots were translucent and white to tan, whereas dead roots were dark gray to black, but showed no visible signs of decay (McClaugherty et al. 1982 , Steele et al. 1997 ) (see Figure S1 available as Supplementary Data at Tree Physiology Online). (3) Because individual seedlings were the experimental unit for most analyses, root sample sizes (collections of individual root segments) were dictated by the requirement for at least 10 mg dry mass for N analysis (details follow). This was achieved for all sampled seedlings without compromising the root selection criteria. For each seedling, the accuracy of our visual classification of dead roots was confirmed by removing the root cortex and by documenting the presence (live) or absence (dead) of an intact stele (Spaeth and Cortes 1995) on a minimum of five randomly selected root segments per individual plant sample. If any of the selected root segments were incorrectly classified as dead, then the entire sample was rejected and a new sample was collected from the same seedling.
Images of refrigerated root samples were acquired using a flatbed scanner at 400 dpi (Epson Expression 1680, Nagano, Japan) within 2 days of collection and then the samples were dried at 70°C and weighed. Digitized images were manually edited (Adobe Photoshop 7.0, Adobe Systems Inc., San Jose, CA) to produce a black (roots) and white (background) image that faithfully captured the original root image. Edited images were analyzed for root length and diameter distributions (WinRhizo Pro 5.0, Regent Instruments, Blain, Quebec, Canada).
To estimate the senescence-related changes in fine root mass, we first estimated changes in mass per length (root mass/total root length) and root length from the digitized root images and mass data. Change in mass per length (Dmass/length) was estimated as the difference between entire live and dead root samples for individual seedlings. Change in length (Dlength) was estimated as the difference in the lengths of live and dead first-order roots on 4-5 randomly chosen individual root segments from each of 3-5 randomly chosen individual seedling images per species (25 root segments per root status (live/dead)). Root length changes were estimated only in samples collected from unfertilized seedlings, because preliminary analyses of changes in mass per length indicated no fertilizer effect and we had no a priori reason to believe that fertilizer effects on changes in length would differ from effects on changes in mass per length. Given the differences in sampling intensity, we recognize that our root length change estimates are less robust than our root mass per length estimates.
Dried root samples were pulverized to a fine powder and N concentrations were measured using a CHN elemental analyzer (Carlo-Erba, Milan, Italy). For measurements of root Ca, subsamples from individual seedlings had to be aggregated over each combination of hoop-house · species · fertilization · root status (live/dead) to obtain enough material for analysis. About 30-150 mg from each aggregated root sample was microwave digested in a nitric acid-hydrogen peroxide mixture (Mars 5, CEM Corporation, Matthews, NC), and Ca concentrations were measured by direct current plasma emission spectroscopy (DCP-AES, SMI Corporation). During microwave digestion for Ca analysis, several composite samples were lost because of equipment failure, resulting in no replication (at the hoop-house level) for some treatment combinations. Concentrations of Ca and N were expressed on a dry-mass basis (Ca mass and N mass , mg g À1 ). Calcium concentrations were used to express root N on a Ca basis (i.e., mean N mass /aggregated Ca mass ; N Ca , unitless).
Calculations
Proportional changes in mass from live to dead fine roots (Dmass) were calculated as the product of Dmass/length and Dlength:
Ámass ¼ dead mass: length live mass: length Â dead length live length
:
Values are presented as the percentage of live mass that is lost. In the above equation, the ratios of dead to live mass per length pertain to all fine roots < 2 mm sampled, which could be first order and higher, whereas the ratio of dead to live length comprises mean values based exclusively on first-order roots < 2 mm. Change from live to dead root N (DN) was expressed as a percentage of live root N based on four bases: (1) 
To investigate the assumption that Ca concentration does not change from live to dead roots, we calculated the dead root Ca concentration expected if Ca is immobile (Ca expected ) from the live root Ca (Ca live ) and Dmass; i.e., Ca expected = Ca live /Dmass, and compared Ca expected with measurements of Ca concentrations in dead roots.
Statistical analyses
All data were subjected to analysis of variance (ANOVA) using JMP and its general linear model procedure (SAS Institute, Cary, NC). Individual plants were considered experimental units for most analyses. A preliminary ANOVA of main effects and interactions of hoop-houses (i.e., blocks) (n = 2) and root status (n = 2, live root versus dead root) on fine root mass per length, N mass and N length indicated insignificant hoop-house main effects and interactions (P ! 0.22), hence for subsequent analyses we pooled these factors in the error term (Bancroft 1964) . We modeled mass per length, N mass and N length by main effects and interactions of species, fertilizer and root status. Because of the lack of root Ca concentration replicates for some treatments and the similarity of fertilized and unfertilized N Ca values within live and dead categories, we pooled fertilized and unfertilized data and present N Ca values as species mean values without statistical comparisons.
To evaluate the relative contributions of species, fertilizer and live root N to variation in dead root N, we compared adjusted R 2 and partial P values for a mixed least squares linear model that included all versus subsets of these factors and their interactions. Based on the results of this analysis, the overall relationship between live and dead root N was modeled by simple linear regression, and in cases of significant species effects in the mixed model, the species were analyzed individually.
Results
Our sampling and root selection criteria were successful in restricting sampling to roots < 2 mm diameter, and size distributions were similar for live and dead collections with 80% of the total length of roots ($ 1600 m total) < 0.5 mm in diameter (Figure 1 ).
Root mass per length was affected by species (P < 0.0001), live/dead status (P < 0.0001) and their interaction (P = 0.0136), but not by fertilizer main effects and interactions (P > 0.22 for all, Table 1 ). Both mass per length and length decreased from live to dead roots, indicating substantial root mass loss during senescence for all species (Table 2) . Averaged across species, mass per length decreased 24% and length by 14% (Table 2) , thus Dmass was À35% (35% = 1 À (0.76 · 0.86)). Species and live/dead status were also the predominant influences on N mass (P < 0.0001 for both) and N length (P < 0.0001 and P = 0.0035, respectively, Table 1 ). In addition, fertilizer (P = 0.0003) and species · live/dead status interactions (P = 0.0069) affected N mass (Table 1) , but on average, fertilizer increased overall root N mass by only $ 10% (Table 3) . None of the interactions including fertilizer on either N mass or N length was significant (P > 0.05, Table 1 ). Given the weak effects of fertilizer on N length , the lack of fertilizer interactions on N mass and low replication for N Ca (see section Materials and methods), we pooled fertilizer treatments for all subsequent summaries. The basis on which the N concentrations were measured strongly influenced the direction and magnitude of DN with positive values (i.e., higher in dead roots than in live roots) for DN mass (mean of species = 20.0%) and negative values for DN length (À9.1%), DN Ca (À30.4%) and DN corrected (À21.0%) (Tables 3 and 4) . Although the main effects and the interactions of species were significant sources of variation for some mass and N characteristics, trends in all DN measures were consistent across species (Tables 2-4) . Expected Ca concentrations in dead roots (Ca expected ), calculated from live root Ca concentrations, changes in mass and assuming stable Ca during senescence were similar to measured dead root Ca concentrations for three of the four study species, although expected values were 11% lower on average than that of the measured dead root Ca concentrations in all cases (Table 5) .
To further probe live-dead root N relationships, we modeled dead root N as a function of live root N, species, fertilizer and their interactions. In preliminary models for both N mass and N length , fertilizer main effects and interactions were always insignificant (P > 0.30 in all cases), thus fertilizer effects were removed from the final models. The final model for N length (adjusted R 2 = 0.69, P < 0.0001, Figure 2 legend) was much stronger than the final model for N mass (adjusted R 2 = 0.039, P < 0.0001). Live N length and species strongly affected dead N length , and their interactions were marginally significant (Figure 2 legend, overall (6) 14.6 ± 0.9 (7) 1.4 ± 0.1 (12) 1.4 ± 0.1 (4) Dead 13.1 ± 0.8 (7) 16.1 ± 0.6 (7) 1.3 ± 0.1 (13) 1.0 ± 0.1 (4) B. alleghaniensis Live 12.8 ± 0.6 (6) 13.7 ± 0.6 (8) 2.3 ± 0.1 (14) 1.5 ± 0.1 (2) Dead 14.3 ± 1.1 (7) 15.3 ± 0.3 (9) 1.8 ± 0.1 (16) 0.8 ± 0.1 (2) A. rubrum model adjusted R 2 = 0.69) and this model explained 12% more variation than the model with live root N length as the sole predictor (adjusted R 2 = 0.57). Within species, live N length versus dead N length relationships were significant for A. rubrum and P. tremuloides, which had similar slopes and intercepts (Figure 2 legend) . Furthermore, intercepts were not significantly different from zero for either the dataset for pooled species (P = 0.16) or the datasets for individual species (P ! 0.84 in all cases).
Discussion
We found that root mass per length and root length decreased during senescence, indicating substantial root mass loss (Table 2) . As a consequence, senescence-related N loss from roots would be underestimated if mass changes were not taken into account. For example, in our study, changes in N from live to dead roots varied markedly among measurement bases, ranging from an overall increase of 20% for DN mass (i.e., N accumulation) to decreases of 9-30% (i.e., N loss) for methods that took mass loss into account (DN corrected ) or that were less dependent on it (DN Ca and DN length ) ( Table 4) .
Mass-, length-and Ca-based estimates of DN all have their limitations, but given the magnitude of senescencerelated root mass loss (Table 2 ) and the uncertainties about Ca dynamics (Table 5) , we believe that mass-based N loss estimates corrected for root mass loss (DN corrected ) provide the best approximation of DN (mean of species = À21%, Table 4 ). In contrast, DN mass is clearly inferior because it does not account for changes in root length and root mass per length. Although DN length has the advantage that it is easy to measure, it accounts for changes in mass per length only, and not for changes in length, hence it also likely underestimates N loss. We predicted that Ca-based N concentrations should provide a more accurate estimate of N loss than less stable length-or mass-based estimates because Ca is not resorbed during leaf senescence and may behave similarly during root senescence. We examined our assumption of relatively stable Ca by comparing estimated dead root Ca (calculated from live root Ca concentrations and mass changes, and assuming constant Ca concentrations) with actual measured dead root Ca concentrations and found that estimated values were consistently lower by an average of 11% (Table 5 ). This modest underestimate may have occurred because of increases in Ca concentration with live root age combined with differences in root age demography: i.e., live root samples likely contained a wide range of root ages, whereas dead root collections were likely dominated by older roots. Although Ca dynamics in roots have not been quantified, in leaves Ca moves passively in the transpiration stream and accumulates in foliage throughout the growing season, with the highest Ca concentrations in senescent leaves (Burton et al. 1993 , Duchesne et al. 2001 . If this same mechanism occurs in roots, then assuming stable root Ca concentrations between live and dead samples, as we did, would lead to modest overestimates of N loss. When values of DN Ca were adjusted for differences between measured and expected values of dead root Ca (i.e., based on percent differences), values of DN Ca and DN corrected were in closer agreement (data not shown).
The approach that we used to estimate DN corrected requires two important caveats. First, Dlength, a component of DN corrected , was based on a relatively small subsample of the first-order roots, which in turn could decrease in 14.9 ± 0.6 (4) 19.2 ± 0.4 (2) 12.5 ± 0.4 (4) 11.9 ± 2.0 (3) Ca expected 14.8 14.0 10.7 11.5
Live Root N (µg cm length to a greater or lesser degree than the mixture of firstand higher-order roots comprising our complete samples. Second, despite the criteria we adopted for selecting dead roots, the sampled roots may have undergone initial stages of decomposition. During fine root decomposition, N can initially decrease and then increase (John et al. 2002) , a pattern that might be explained by leaching (Chen et al. 2002) followed by microbial immobilization of N (Ostertag and Hobbie 1999) . When estimating senescence-related N loss from differences between live and dead root N concentrations, post-senescent N leaching would lead to overestimates of N loss and N immobilization would lead to underestimates. To our knowledge, there are no studies that separate and quantify the relative contributions of these processes to the changes in N.
Collectively, our findings call into question the results of earlier studies that have found little or no evidence of senescence-related fine root N loss, but did not take mass loss into account (e.g., Gordon and Jackson 2000, and references therein) . Recalculating the results of these studies by assuming mass loss comparable to our experimental mean suggests that N loss averaged 28%, which is similar to the 21% mean N loss we report (Table 6 ). The negligible DN mass values reported in earlier studies have been interpreted as evidence for limited N resorption from fine roots (e.g., Gordon and Jackson 2000) , and in turn, this assumption has been broadly applied to a wide range of investigations including fine root N and decomposition dynamics (Dilustro et al. 2001 , King et al. 2005 , Ludovici and Kress 2006 , Valverde-Barrantes et al. 2007 ) and whole-plant to stand-level N budgets (Silla and Escudero 2004 , Norby and Iversen 2006 , Finzi et al. 2007 ). We recognize the contributions these and other studies have made toward understanding N dynamics, and that progress in ecological research often requires making pragmatic assumptions about processes that are beyond the scope of the study at hand or are difficult to quantify. Nevertheless, our results show substantial fine root N loss during senescence when mass losses are taken into account. If all N loss were attributed to resorption, then the upper bounds of N resorption are $ 21% (based on our data) to 28% (based on mass-corrected literature values), both of which are less than foliar N resorption ($ 60%, Aerts 1996 , Kobe et al. 2005 . If resorption dominates N loss, then current ecosystem N budgets overestimate both the amount of N being returned to the soil and the amount of N that is required by uptake by plants to replace N in senesced roots. In contrast, if leaching dominates N loss, current N budgets adequately characterize the net transfer of N from plant fine roots to soil pools, even though the relative importance of leaching versus fine root decomposition as sources of soil N are incorrect.
We found that the fourfold variation in live root N length strongly predicted dead root N length independently of (weaker) effects of species and fertilizer. Thus, species and environmental differences in dead root N were mediated primarily by how species and environment affect live root N and less so by species-specific or environment-induced variation in DN. Furthermore, given the caveat that our sample size was small, regression intercepts not significantly different from zero suggest that dead root N may be a constant proportion of live root N. The simple proportional scaling of live and dead root N that our data suggest is similar to that found for leaves in a 297 species global dataset (Kobe et al. 2005) . One implication of the live tissue N versus dead tissue N relationship is that, irrespective of species Table 6 . Fine root N concentrations of live and dead roots, and the change in N from live to dead roots both uncorrected (DN mass ) and corrected (DN corrected ) for senescence-related changes in root mass. The mass changes applied to the data are the mean mass loss among species estimated in this study. Data are from Ecological Archives E081-002-A1 (Gordon and Jackson 2000) and resource variations, live root N could be used in combination with root turnover estimates to predict the contribution of N lost in dead roots to ecosystem N budgets and whole-plant N economies.
In conclusion, we have shown that fine roots lose mass and N when they senesce, and that after correcting for mass losses, about 21% of N is lost. Although the degree to which resorption, leaching, immobilization or other factors contribute to these changes is unknown, our results challenge current views about root senescence and call into question assumptions that N resorption does not occur. Finally, live root N was the primary determinant of dead root N. Accurate root N loss estimates and the identification of functional relationships between live and dead root N could be used to improve our understanding and quantification of N dynamics at both the individual whole-plant and ecosystem levels.
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